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Retinoids: present role and future potential
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Summary Vitamin A and its biologically active derivatives, retinal and retinoic acid (RA), together with a large repertoire of synthetic
analogues are collectively referred to as retinoids. Naturally occurring retinoids regulate the growth and differentiation of a wide variety of cell
types and play a crucial role in the physiology of vision and as morphogenic agents during embryonic development. Retinoids and their
analogues have been evaluated as chemoprevention agents, and also in the management of acute promyelocytic leukaemia. Retinoids exert
most of their effects by binding to specific receptors and modulating gene expression. The development of new active retinoids and the
identification of two distinct families of retinoid receptors has led to an increased understanding of the cellular effects of activation of these
receptors. In this article we review the use of retinoids in chemoprevention strategies, discuss the cellular consequences of activated retinoid
receptors, and speculate on how our increasing understanding of retinoid-induced signalling pathways may contribute to future therapeutic
strategies in the management of malignant disease.
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RETINOIDS AND THEIR RECEPTORS N—(4-hydroxyphenyl)retlnamlde (4HPR) can inhibit prolactin-
. induced DNA synthesis and end-bud proliferation in mouse
Chemoprevention mammary gland in whole organ culture (Moon et al, 1994), and

Many cancers develop as a result of exposure to carcinogens afiinoids can also modulate normal rat mammary epithelial cell
cancer-promoting agents in a multistep process including hotRroliferation, morphogenesis and functional differentiation (Lee
initiation and promotion. Attempts to delay, reverse or block®! al, 1995). e

cancer development by intervening in this process form the basis 1he use of retinoids to suppress tumour development has beer
of cancer chemoprevention strategies. An increased susceptibilifaluated in several animal models of carcinogenesis including
to chemical carcinogens and a higher incidence of cancer hayB0dels of skin, breast, oral cavity, lung, hepatic, gastrointestinal,
been observed in experimental animals with vitamin A deficiencyProstatic and bladder cancers (reviewed in Lotan, 1996). Many of
(Moon et al, 1994). This, and the observation that individuals witt€S€ studies have shown that retinoids possess antipromotior
a lower dietary intake of vitamin A are at a higher risk of devel-activities. However, long-term retinoid treatment was required to
oping cancer (Hong and Itri, 1994), gave rise to the notion thatUPPress carcinogenesis since the effects of t_he_retln0|ds were
physiological levels of retinoids may, in some way, protect théever5|blg when stopped.. Furthermore, some ret|n0|d§ were four]d
individual against the development of premalignant and malignarfP P€ active in certain animal models of carcinogenesis and not in
disease. Furthermore, the efficacy of pharmacological doses §thers, that is retinoids exhibit some degree of tissue selectivity.
retinoids as chemopreventive agents has been demonstrated Migreover, certain retinoids may be active inhibitors of carcino-

experimental models of carcinogenesis for numerous animdlenesis in certain tissues but can act as enhancers of carcino
tumours (reviewed in Lotan, 1996) genesis in the same tissue in another strain of mice, or in anothelr

carcinogenesis model. For example, dietary addition of ATRA had
Preclinical data no effect on tumour initiation in the two-stage mouse skin carcino-

Retinoids can inhibit the transformation of cultured mouse embry§©nesis model, but acted as an antipromoter by inhibiting progres-
cells in vitro by either 3-methylcholanthrene (Bertram, 1983) orSion of papilloma to carcinoma (De Luca et al, 1994). However,
y-rays. Retinoids can also inhibit the ability of malignant cells to'€tinoids were either ineffective in preventing, or enhanced, papil-
form colonies in semisolid medium, an anchorage-independerip™a formation when an alternate mouse skin carcinogenesis
property that is a characteristic of transformed cells (Lotan, 1995{10del was used (De Luca et al, 1994). Indeed, vitamin A defi-
Moreover, all¢rans retinoic acid (ATRA) can inhibit immortaliza- Ciency was more effective than excess retinoid in inhibiting skin
tion of human epidermal keratinocytes during or after transfectioffacinogenesis using an alternative strain of mice (Lotan, 1996).

with HPV16 (Creek et al, 1994). In addition, the synthetic retinoid>milarly, both suppression and enhancement by retinoids have
been reported in different models of liver carcinogenesis (Moon

et al, 1994). Indeed, 4HPR suppressed carcinogenesis in two

Received 17 March 1998 strains of mice and enhanced carcinogenesis in two other strains
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the importance of tissue distribution and metabolism of retinoids1993), but retinoids have had consistently no effect on reversal of
Retinoids that accumulated in the mammary gland and theronchial metaplasia (Lee et al, 1994).

surrounding fat pad were more effective inhibitors of carcino- An unexpected observation from the adjuvant studies @fs13-
genesis than those that failed to concentrate in the target tissuetinoic acid in early stage head and neck cancers was the reduc-
Again, retinoids were ineffective as inhibitors of initiation in thesetion in incidence of second primary tumours, although there was
rat mammary models but, interestingly, administration of retinoicho reduction in the rate of recurrence or metastases from the
in early phases of carcinogenesis resulted in sustained inhibition ofiginal primary (Hong et al, 1990; Benner et al, 1994). In
carcinogenesis even after stopping retinoid treatment, whereascantrast, etretinate was ineffective in preventing second primary
delay in retinoid administration until later in the carcinogenictumours of the oral cavity and oropharynx (Bolla et al, 1994).
process required continuous retinoid administration to maintain aSimilarly, retinyl palmitate can reduce the incidence of second
inhibition of carcinogenesis. In contrast, pre-treatment of rats witlprimary tumours in comparison to observation after resection
retinoids for 2 months prior to initiation resulted in an increasedf stage | non-small cell lung cancer (Pastorino et al, 1993).
incidence of carcinomas unless retinoid administration wadoreover, initial studies evaluating 13+ retinoic acid in the
continued through to the promotion step (reviewed in Moon et alprevention of recurrent early-stage bladder cancer had to be termi-
1994; Lotan, 1996). Consequently, understanding the timing ofiated due to toxicity and a lack of positive results (Prout and
administration in addition to tissue distribution and metabolism iBarton, 1992), but etretinate in contrast can increase the time to
crucial if retinoids are to be effectively used as chemopreventiveecurrence in patients with superficial papillary bladder cancers

agents. with a reduction in the number of annual transurethral resections
(Studer et al, 1995). Based on the preclinical data, a randomized
Clinical data study comparing 4HPR with observation alone has been initiated

Many clinical trials of retinoids as chemoprevention agents are iln women with node-negative breast cancer, and accrual to this
progress or have been completed. Most of these trials focus @tudy has been completed (Costa et al, 1995). The end-point is the
individuals at an increased risk of developing cancer, such dacidence of contralateral primary carcinoma, and clearly if 4AHPR
patients with pre-malignant lesions or patients who have beegan reduce this risk (estimated at 0.8% per year within 10 years of
successfully treated for an early-stage carcinoma and have a highimary treatment), then it would be appropriate to evaluate this
risk of developing a second primary cancer. The use of retinoids iagent as a chemoprevention strategy in women at high risk of
patients with cutaneous actinic keratoses results in a significanteveloping breast cancer on the basis of family history.

decrease in the incidence of squamous cell carcinomas of the skinHowever, the most prominent example of the role of retinoids as
(Moon et al, 1997), and this is also observed in renal transplawdifferentiating agents in current oncology practice is the remark-
patients with this pre-malignant condition (Bavinck et al, 1995;able activity of allerans retinoic acid in patients with acute
Rook et al, 1995). Similarly, topical ATRA can lead to a clinical promyelocytic leukaemia (APL). Numerous phase Il studies have
and histological improvement in patients with the dysplasticconfirmed that ATRA induces complete remission in the vast
nervous syndrome (Edwards and Jaffe, 1990; Halpern et al, 1994jhajority of patients, with rapid resolution of the characteristic,
Oral pre-malignant lesions such as leukoplakia or erythroplakidife-threatening coagulopathy (Huang et al, 1988; Castaigne et al,
are frequently extensive or multiple and consequently are ndt990; Chen et al, 1991; Warrell et al, 1991; Fenaux et al, 1992;
amenable to surgery. Therefore, patients with these lesions a@hno et al, 1993; Frankel et al, 1994; Kanamaru et al, 1995). The
ideal candidates for chemoprevention studies. In an originaduration of complete remission with ATRA alone is usually brief
placebo-controlled randomized study, d&8-retinoic acid was and post-remission chemotherapy is required to diminish the like-
evaluated (Hong et al, 1986). Although there was a significantihood of relapse. A randomized study has confirmed that ATRA
clinical response in the treatment arm (67%) compared to thas induction or maintenance treatment improves disease-free and
placebo arm (10%), the treatment was unacceptably toxic and haiferall survival as compared with chemotherapy alone, and should
of the responding patients had relapsed within 3 months of stofpe included in the treatment of APL (Tallman et al, 1997). This
ping the retinoid (Hong et al, 1986). Subsequently, patientsherapeutic approach has also contributed to our understanding of
received this dose for only a 3-month induction period, and wereetinoid-induced signalling pathways and in particular the role of
then randomized to either low-dose retinoid fecarotene for  the retinoic acid receptors.

9 months (Lippman et al, 1993, 1995). This study demonstrated

the feasibility of using low-dose 13s retinoid acid in main-
taining initial responses, whilst underlining the inability of
B-carotene to do so. Furthermore, topical 4HPR also showRetinoids exert most of their effects by binding to specific recep-
promising activity in the management of pre-malignant oraltors and modulating gene expression. The nuclear retinoid recep-
lesions (Chiesa et al, 1993; Costa et al, 1994). Cancer of thers are members of the steroid/thyroid hormone superfamily of
cervix, which develops in a multistep fashion through progressiveeceptors (Evans, 1988) with which they share common structural
intra-epithelial neoplasia (CINI-IIl) is another logical candidateand functional properties. The diversity of retinoid-induced
for a chemoprevention approach. Topical application of ATRA-signalling pathways is mediated by at least six retinoid receptors
induced regression in 43% of patients with moderate dysplasiahich fall into two subfamilies: retinoic acid receptors (RARS),
(CIN 1I) in comparison to a spontaneous regression in 27% ofi, B andy, and the retinoid X receptors (RXR%), B andy
patients treated with placebo, but had no effect on more seve(€hambon, 1995). In common with other members of the steroid
dysplasia (Meyskens et al, 1994). Moreove¥;(4-ethoxy-  hormone receptor superfamily, these two subfamilies of receptors
carbophenyl) retinamide decreased the incidence and increasedntain a DNA-binding domain and a ligand-binding domain
survival in a population at high risk of oesophageal cancer (Harynited by a short hinge region that may also serve as a nuclear

The retinoid receptors
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translocation signal (reviewed in Giguere, 1994). The DNA-Cellular consequences of retinoid stimulation

binding q_omaln contains two zinc f|r_19ers '|nV(_)Ived In recognition At the cellular level, activation of the retinoid receptors can inhibit
of specific DNA sequences and in activation of target 9eNELell proliferation, induce differentiation and induce apoptosis in
(Bvans, 1988; Freedman, 1992). The RARS bind ATRA with highmesgnch mal lneuroectodermal haematopoietic ar?d IOe ithelial
affinity (Giguere et al, 1987; Petkovich et al, 1987), whereas the ymal, ' P b

. . S S . . . ) cells during normal development as well as in normal and trans-
stereoisomer 9is retinoic acid is a bifunctional ligand which can

bind to and activate both RARs and RXRs (Mangelsdorf et alformed cells in tissue culture. However, the specific receptor which
1992; Allenby et al, 1993). Despite these similarit?es the RXRSfnediates these effects varies with each cell line. Furthermore, the
belon’g to a subgrOL,Jp of nljclear receptors distinct fror’n the RAR'sndl.JCticm of apoptosis i_s related to cell growth and differentiatipn _in
(Laudet et al, 1992) suggesting that these two groups of retinoiffouS Ways, depending on th? cell type._ For example, ret_|n0|ds
receptors have distinct roles in retinoid signalling initially induce the human myeloid leukaemia HL-60 cells to differ-

In keeping with the models by which steroid hormone receptorem'ate into neutrophils that subsequently undergo apoptosis

bind DNA as dimers, the hormone response elements of the tar ?el\{lartln etal, 1990). Using receptor-selective ligands and sub-lines

enes for retinoid receptors are direct repeats separated by 1 or gh different retinoid responsiveness, it appears that ligand-
9 b P P y induced activation of RARs alone is sufficient to induce differenti-

nucleotides. The RARs and RXRs bind the half-site ConsenSUS'on but activation of RXRs is essential for induction of apoptosis
sequence PUGGTCA, as can several of the other Iigand-activatgﬁ ' AN pop '
hough the necessary dimerization complexes are unknown

nuclear receptors, and consequently enabling cross-talk among t o . . -
p quently er 9 nong agy et al, 1995). In contrast, retinoids can induce differentiation
gene networks controlled by various ligands. Both negative an . ) .
o L . - d apoptosis concurrently as in F9 embryonal carcinoma cells
positive effects on transcription can occur in the absence of ligan

. o . . tencia et al, 1994), or can induce apoptosis by a process that is
and these bimodal transcriptional properties of retinoid receptor. . L : ; .
are mediated, in part, by the ability of these receptors to associa|{1dependent of differentiation as in neuroblastoma cells (Piacentini
' ' (t;"al, 1992). Apoptosis can be induced in small cell lung cancer

with various co-activators and co-repressors such as SMRT and N- : .
. i . lIs by 4HPR (Kalemkerian et al, 1995), in melanoma cells by the
R (Chen and Evans, 1995; Kurok 1, 1995; Horw fens by anFR { ; )
CoR (Chen a d vans, 995; rurokawa et al, 1995; Horwitz et aéynthetlc retinoid CD437 (Schadendorf et al, 1996), and in ovarian
1996). Transcriptional regulation by receptors would therefore d breast cancer cells by 4HPR (Sheikh et al, 1995; Supino et al
seem to be controlled by selective recruitment of co-activators an?;%) Moreover retinoidsycan also suppress géowth :;md gquamou:
co-repressors in response to hormone, and in turn, control of L . )
activitp of a target Fr)omoter It ma be’ that the role’ of ligand ifferentiation in head and neck squamous cell cancer lines (Lotan,
bindin)g/; is to cauie apconform'ationalihange in the receptor gand %394)’ and also induce apoptosis in these cell lines (Oridate et al,
. L . X 96). Furthermore, tumour regression on treatment with retinoids
a result of this a co-repressor protein is dissociated from thﬁas I)aeen demonstrated for ing vivo xenograft models of experi-

receptor and a co-activator binds to the receptor thereby initiatinﬁ] . - . .
transcription (reviewed in Perlmann and Evans, 1997). Howevef, ental tumours including lip squamous cell carcinoma (Gottardis
. ét al, 1996) and melanoma (Schadendorf et al, 1996). Anti-

although in vitro-binding experiments suggest that DNA_bmdmgProliferative response appears to be mediated through thy RAR

is not usually ligand-dependent, in vivo footprinting suggest tha . -
. . o . melanoma and teratocarcinoma cell lines (Moasser et al, 1994;
RAR-RXR heterodimers bind to a specific RARE in the RAR chadendorf et al, 1994), although no correlation was noted with

ne promoter in a ligand- ndent manner (D I1§ . . .
gene promoter in a ligand-dependent manner (Dey et al, 99ahy receptor in ovarian cancer cell lines (Harant et al, 1993).

Chen et al, 1996). Nevertheless it is not certain thatligand-bindingeveral rouns have observed that differentiating agents such as
is necessary for steroid hormone receptors to bind DNA (Perlmarw group 9 a9 )

and Evans, 1997) utyrate and DMSO can induce p21 and terminal differentiation in
The complexity of retinoid signalling mechanisms is increased® p53-independent manner, although p21 induction by different-

by the diversity of the dimer complexes that can occur. Both RAR?tlng agents can occur in the presence of wild-type p53 (reviewed

and RXRs can bind response elements as homodimers, albeit'gltl"ebe"nann et al, 1995). However, uncoupling of p21 induction

high protein concentrations (Mangelsdorf et al, 1991; Yang et af‘rom growth arrest can occur in the presence of deregulaigd c-

1991; Mader et al, 1993), although heterodimerization of RAR Selvakumaran et al, 1994). Retinoids are also able to induce

and RXRs enables high affinity binding of RARs to response021 and, consequently, growth arrest and differentiation (Shao

clements (Kiever e 1997 Zhang et o, 1992). A lrge e 2, 1995 Ll ) 1999) bt e mechanien of oveton of
of different RXR—RAR heterodimer complexes can be formed by Pop )

combinatorial pairing of the RAR and RXR receptor, with eachactlvatlon qf the AP-1 complex, for which activation of the retmou_j
- . e ... receptors is not necessary (Schadendorf et al, 1996), possible
heterodimer complex having cell and promoter-specific acitivity . . . . .
s suppression of bcl-2 expression and/or induction of transforming
(Nagpal et al, 1992), and consequently may control distinct gene . )
e . - rowth factorp (TGF) (Roberts and Sporn, 1992), induction of
networks. Retinoid signalling can also be regulated by positive an

negative feedback mechanisms. The retinoid binding protein'snsu"n'“ke growth factor-binding protein 3 (Gucev et al, 1996) and

CRBP-I and CRABP-II. which are involved in retinoid metabo- 2ctvation of downstream effectors of p53 in a p53-independent

lism, may also be involved in retinoid signalling autoregulationmanner (Shao et al, 1995). The receptor dimerization patterns asso

(Smith et al, 1991; Durand et al, 1992). However, knockoutc iated with these cellular events are also unknown.

mice deficient in both CRAB-I and CRABP-II proteins have no

adverse“phenotype, so the significance of these .p.roteins is uncleiahE FUTURE USES OF RETINOIDS IN CANCER

(De Bruijn et al, 1994; Gorry et al, 1994). In addition, RXRs aISOTHERAPY

serve as promiscuous partners in a multitude of other hormonal

response systems, including vitamin D signalling pathwaydn addition to the natural retinoids, ATRA,c® retinoic acid and
(Kliewer et al, 1992). However, much of the complexity of thesel3-is retinoic acid, several novel retinoid compounds have been
signalling networks has yet to be elucidated. synthesized including 4HPR, CD437 (Schadendorf et al, 1996),

© Cancer Research Campaign 1999 British Journal of Cancer (1999) 80(1/2), 1-8
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the RAR-selective ligand ALRT1550 (Shalinksy et al, 1997), andf vitamin D3 is limited by its calcaemic effect, but a number of
the RXR-selective ligand LGD1069 (Gottardis et al, 1996 analogues have been synthesized that inhibit cancer cell growth
Miller et al, 1997). The initial reason for developing these newbut with reduced calcaemic activity such as EB1089 and KH1060
compounds has been to identify chemoprevention agents with g€olston et al, 1992; Shabahang et al, 1994). Cooperative effects
acceptable toxicity profile suitable for use in chronic administra-on growth inhibition using a combination of a retinoid with a
tion. However, these agents may well differ from the naturallyvitamin D3 analogue have been observed in several experimental
occurring retinoids in their mechanism of action. Any new potensystems, including lung cancer cells (Higashimoto et al, 1996),
tial chemoprevention agent will need to be evaluated in preclinicgbancreatic cancer cells (Zugmaier et al, 1996) and the HL-60
models of carcinogenesis, prior to entering dose-finding studieseukaemic cells (Elstner et al, 1996). However, VDR can bind to
phase Il chemoprevention studies and randomized placeboesponse elements either as a homodimer or as a heterodimer
controlled phase Il studies in patients (a) at high risk of develeomplex with RXR. Therefore, in addition to the cooperative
oping malignant tumours (e.g. breast cancer on the basis of famigffects between retinoids and vitamin D which have been
history), (b) with pre-malignant conditions such as in situ carci-observed, there is also the possibility that these agents could have
noma of the cervix, or (c) at risk of developing a second primanantagonistic activity if their respective receptors compete for RXR
tumour. However, these agents, particularly those specific fopartners to bind their response elements. Consequently, the
RAR- or RXR-binding, may also enable us to dissect the retinoiaellular events which occur with combination therapy in any
signalling pathway and enable us to explore these agents articular cell may be dictated by the relative abundance of VDR,
advanced disease, either (a) in combination with agents actif@ARs and RXRs, within that cell, the relative concentration of
cooperatively on other steroid hormone receptors, (b) in combindigand (including the relative affinity of the retinoids for RARs or
tion with other agents which inhibit intracellular pathways, andRXRs) and the resulting rate and pattern of the various possible
(c) in combination with other conventional cytotoxic agents toheterodimer complexes. Clearly considerable effort will be
overcome drug resistance. required to determine the optimal concentrations and combina-
tions of these drugs to produce optimal inhibition of cell prolifera-
tion in experimental models of any given tumour. Nevertheless,
the results of these preliminary studies are promising, and may
develop therapeutic strategies that will add to the treatment
Retinoids can inhibit the growth of many human hormone-depeneptions available for tumours that express the relevant receptors.
dent breast cancer cells (Fontana, 1987; Fontana et al, 1990),
although many ER-negative cell lines are resistant to the effect
retinoids (Van der Burg et al, 1993). Although RARan be
expressed in both ER-positive and ER-negative breast cancer ¢
lines, expression of RA®Rmay be higher in ER-positive cell lines Interferons are a group of multifunctional cytokines with antiviral,
and also in human breast cancer samples (Roman et al, 199aptiproliferative and cellular-differentiating activities. Two classes
Oestradiol can induce RARexpression in human breast cancer of interferons — type | (interferom/p) and type Il (interferory) —
cells (Roman et al, 1993), while transfecting ER-negative cellsicting on different receptors are known. Preclinical data suggest
with RARa leads to retinoid-sensitivity in these cell lines (Sheikhthat a combination of retinoids and interferons has synergistic
et al, 1994; Rishi et al, 1996). In addition, retinoids down-regulatantiproliferative and differentiating effects in some haematolog-
ER RNA and protein expression in hormone-dependent breastal and solid tumour models (reviewed in Eisenhauer et al, 1994),
cancer cells (Rubin et al, 1994), as well as inhibiting ER functioralthough the mechanisms underlying the cross-talk between the
(Pratt et al, 1996). Taken together, this suggests that retinoidstracellular pathways activated by the retinoids and the inter-
could inhibit ER function. Furthermore, retinoids and anti-oestroferons have yet to be defined. On the basis of these preclinical
gens appear to target different cell cycle regulatory molecules tobservations, a combination of 3-retinoic acid and interferon
initiate cell cycle arrest (Wilcken et al, 1997). Indeed, retinoidsa-2a has been evaluated in a number of clinical trials in human
and tamoxifen appear to have additive effects in the chemopreveselid tumours (reviewed in Eisenhauer et al, 1994). Initial studies
tion of breast cancer in animal models (Anzano et al, 1994). Iyielded dramatic results, with a 50% response rates in patients
these additive effects could be demonstrated in advanced breagith previously untreated stages IB—IVA cervical cancer and a
cancer in clinical trials then this combination could be evaluated i$8% response rate in patients with advanced squamous cell carci-
the adjuvant treatment and for chemoprevention of human breasbma of the skin. However, these high response rates have not
cancer. If this additive effect could be demonstrated in the clinic ibeen reproduced in other squamous cell cancers that have been
would be important to determine whether it is restricted to tumoursvaluated (head and neck, lung, pre-treated cervix), (Rinaldi et al,
expressing RAR and ER. 1993; Voravud et al, 1993; Arnold et al, 1994; Hallum et al, 1995)
The biologically active form of vitamin D, 1,25-dihydroxy- and no benefit was observed in studies of two non-squamous
vitamin D3, is another agent that can induce differentiation andumours (lung and melanoma) (Arnold et al, 1993; Dhingra et al,
inhibit cellular proliferation with induction of apoptosis. The 1993). However, these studies did not always evaluate an optimal
actions of this ligand are mediated by the vitamin D receptopopulation of previously untreated patients, and the results of the
(VDR) which is part of the steroid hormone family of receptors,cervical studies suggest that this is a relevant consideration.
again having structural and functional similarities to the retinoid There is evidence to suggest that interferons may modulate the
receptors. The VDR has been found in a variety of cancer cell linegtinoid-signalling pathways by inducing or increasing RAR or
including prostate cancer (Miller et al, 1992), pancreatic, breasRXR expression, rendering cells more sensitive to the retinoid
colon, thyroid, bladder and cervical carcinoma, osteosarcomaction and even restoring retinoic acid sensitivity in RA-insensi-
melanoma and fibrosarcoma (Reichel et al, 1989). The clinical uséve cell lines (Marth et al, 1986; Widschwendter et al, 1995;

Cooperative effects with agents acting on other steroid
hormone receptors

(gombination therapy with inhibition of intracellular
g‘pnalling pathways
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Fanjul et al, 1996). In addition, retinoids are able to induce andnd apoptosis in a p53-independent manner by activating down-
activate key components of interferon-signalling pathwaysstream effectors of p53 (Shao et al, 1995). Therefore, by inducing
including the Stat proteins (Kolla et al, 1996; Gianni et al, 1997poptosis, retinoids may be able to enhance sensitivity of tumours
and interferon-regulatory factor (Matikainen et al, 1996). Furthetto cytotoxic agents and overcome cytotoxic drug resistance even
dissection of the mechanisms for cross-talk between these twhough the precise mechanism of induction of apoptosis by
signalling pathways may answer some of the questions raised lgtinoids is not known. It is encouraging that pre-treatment of
the important observations of early retinoid/interferon combina-ovarian cancer cell lines with ATRA potentiates the cytotoxicity of
tion studies. Issues include the specific tumour sensitivities to thihese cells to cisplatin (Caliaro et al, 1997). Synergy between these
combination and the mechanism of acquired resistance in préwo agents was observed only in cells sensitive to ATRA, regard-
treated sensitive tumour types (e.g. cervix) as well as the optiméss of their relative sensitivity to cisplatin. Indeed, in a variant cell
combination and doses of the analogues to be used in this comtiRe resistant to cisplatin but sensitive to ATRA, theI@r
nation, and the identification of new targets for inhibiting intra- cisplatin was reduced with combination therapy in the clonogenic
cellular signalling. Furthermore, combinations of retinoids andassay. ATRA can also increase the sensitivity of a murine embry-
interferons, and also retinoids and vitamin D, can inhibit angio-onal carcinoma cell line to cisplatin (Guchelaar et al, 1993), can
genesisis in preclinical tumour models (Bollag et al, 1994); thipotentiate the cytotoxicity of cisplatin, etoposide and bleomycin in
represents an exciting further area for future drug development. a human ovarian teratocarcinoma (Le Ruppert et al, 1992) and is

The ras family of genes encodes proteins involved in signalsynergistic with cisplatin and 5-fluorouracil in squamous cell
transduction across the cell membrane. Constitutive activation afarcinoma cells (Sacks et al, 1995). Furthermore, enhanced anti-
ras by point mutation is one of the most common genetic aberratumour efficacy of cisplatin is observed in combination witis9-
tions in malignant disease. Oncogenic (constitutively activatedjetinoic acid in human oral squamous cell carcinoma xenografts in
ras reduces the level of RARIn NIH3T3 cells, altering the nude mice, with no change in systemic toxicity or dose tolerance
responsiveness of these cells to RA (Scita et al, 1996), amaf the individual agents (Shalinsky et al, 1996).
reducing the level of RARand RARyin keratinocytes (Darwiche Encouraging preliminary clinical results for retinoid
et al, 1996). Moreover, inhibition of protein kinase C with bryo- chemotherapy combination therapy have also been reported in one
statin in these cells can restore RAR protein levels to near normamall study (20 patients) using ATRA with cisplatin and VP16 in
levels (Darwiche et al, 1996). This raises the interesting possibilitadvanced non-small cell lung cancer, with a 53% objective response
of synergistic anti-tumour effect by using retinoids in combinationrate (Thiruvengadam et al, 1996). However, the optimal retinoid
with protein kinase C inhibitors or inhibitiors ofis-induced  agent, dose, schedule and combination for a given tumour has yet tc
signalling pathways such as farnesyltransferase inhibitors. be determined in animal models. It also remains to be determined
whether this enhancement of cytotoxicity is restricted to cisplatin or
also occurs with other cytotoxic agents, and whether using immuno-
cytochemistry to determine the presence of RARs or RXRs in a given
tumour specimen will predict for tumour response or enhanced cyto-
One of the most intriguing possibilities for the use of retinoids intoxicity. Nevertheless this is a promising approach in an attempt to
advanced disease is to enhance the sensitivity of tumours to cytovercome cytotoxic drug resistance which remains a significant
toxic agents and to overcome drug resistance by adjusting theuse of treatment failure.
apoptopic set-point. Among the many mechanisms of chemothera- In summary, the discovery of new, synthetic retinoid analogues
peutic drug resistance, a key factor is likely to be the p53 tumounay enable longer term administration with less toxicity than the
suppressor gene mutations of which are associated with decreageturally occurring retinoids. These agents will also be useful in
sensitivity of Burkitt's lymphoma cells to treatment with ionizing the laboratory to further dissect the retinoid signalling pathway,
radiation and DNA-damaging chemotherapy drugs (Fan et alyhich in turn may identify new therapeutic targets. In addition to
1994). Studies have also suggested that the p53 tumour supprestyisiting the chemoprevention approach in certain tumour groups,
gene is required for efficient induction of cell death by these new agents may be useful in advanced disease or as adjuva
chemotherapy drugs (Lowe et al, 1993, 1994). Indeed, disruptiotierapy in combination with other steroid hormones, inhibitors of
of p53-mediated apoptosis, e.g. by mutations of the p53 genespecific signal transduction pathways, or in combination with
contributes both to tumour development and acquisition of drugytotoxic chemotherapy agents currently in use in the clinic.
resistance (Lowe et al, 1994; Symonds et al, 1994; Tsang et &etinoid resistance, both intrinsic and acquired, represents a
1995). However, in a subsequent study, induction of apoptositirther major challenge in the field of differentiation therapy.
correlated with chemosensitivity in a number of human tumour
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